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INTEGRATED DEVICES FOR SQUEEZED
LIGHT GENERATION

CROSS-REFERENCE TO RELATED
APPLICATION

This application claims priority to U.S. Patent Application
No. 62/665,147, filed May 1, 2018, and entitled “INTE-

GRATED DEVICES FOR SQU* H/ED LIGHT GENERA-
TION”, the disclosure of which 1s incorporated herein by
reference in 1ts entirety.

FIELD

One or more embodiments relate to generation of
squeezed light via nonlinear optical process.

BACKGROUND

Squeezed light (also referred to light 1n a squeezed state)
refers to light in which the electric field strength for some
phases has a quantum uncertainty (also referred to as noise)
smaller than that of a coherent state. A wide range of
applications can benefit from high quality sources of
squeezed light. For example, 1n metrology, using squeezed
light allows certain optical sensors to overcome the shot
noise limit and achieve sensitivities many times higher than
possible with conventional light sources. In quantum com-
munications, squeezed light can be used to distribute
entanglement, thereby assisting cryptographic key distribu-
tion protocols. Squeezed light sources can also be used to
deterministically generate massive highly entangled quan-
tum states, enabling the construction of scalable quantum
simulation and computation devices operating 1n the optical
domain using a continuous variable (CV) encoding.

To fully exploit the potential of squeezed light 1n above
applications, 1t 1s desirable for the squeezed light source to
be scalable, tunable, compatible with existing optical tech-
nology including single photon detection, and capable of
generating controllable temporal mode structures in the
output. To date, however, no known squeezed light source
can achieve all these goals at the same time. For example,
squeezed light sources based on parametric down-conver-
sion 1 bulk non-centrosymmetric crystals are compatible
with single photon detection, but it 1s challenging to control
the temporal mode structure of their output. In addition, this
method 1s not scalable because 1t relies on bulk optical
clements that are diflicult to stabilize. Squeezed light sources
based on the Kerr effect in nonlinear fiber are compatible
with 1550 nm operation. But 1t 1s incompatible with single
photon detection and usually produces a very complex
temporal mode structure.

SUMMARY

Some embodiments described herein relate generally to
generation of squeezed light via four-wave mixing, and, 1n
particular, to generation of squeezed light using a strong
continuous wave (CW) drive light beam and a pulsed pump
beam via four-wave mixing. In some embodiments, an
apparatus includes an optical medium characterized by a
third-order nonlinear optical susceptibility. The apparatus
also 1includes a pump light source 1n optical communication
with the optical medium and configured to send a pump light
beam to the optical medium. The pump light beam includes
a pulsed light beam. The apparatus also includes a drive light
source 1n optical communication with the optical medium
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and configured to send a drive light beam to the optical
medium. The drive light beam includes a continuous wave
(CW) light beam. The pump light beam and the drive light
beam are configured to generate a signal light beam 1n a
squeezed state of light via spontaneous four-wave mixing in
the optical medium.

In some embodiments, a method includes sending a pump
light beam into an optical medium characterized by a
third-order nonlinear optical susceptibility. The pump light
beam includes a pulsed light beam. The method also
includes sending a drive light beam 1nto the optical medium
s0 as to generate a signal light beam at a squeezed state of
light via spontaneous four-wave mixing in the optical
medium. The drive light beam includes a continuous wave
(CW) light beam.

In some embodiments, a system includes a ring resonator
including an optical medium characterized by a third-order
nonlinear optical susceptibility. The system also includes a
linear waveguide 1n optical communication with the ring
resonator and configured to propagate a pump light beam
and a drive light beam. A first coupler 1s in optical commu-
nication with the ring resonator and the linear waveguide.
The first coupler 1s configured to couple the pump light beam
and the drive light beam into the ring resonator. The drive
light beam and pump light beam are configured to reduce an
cllect of time-varying self-phase modulation and an effect of
time-varying cross-phase modulation. The pump light beam
and the drive light beam are further configured to generate
a signal light beam 1n a squeezed light of state via four-wave
mixing. The system also includes a second coupler in optical
communication with the ring resonator and configured to
suppress auxiliary resonances within the ring resonator.

BRIEF DESCRIPTION OF THE

DRAWINGS

The drawings primarily are for illustration purposes and
are not intended to limit the scope of the subject matter
described herein. The drawings are not necessarily to scale;
in some 1nstances, various aspects of the disclosed subject
matter disclosed herein may be shown exaggerated or
enlarged 1n the drawings to facilitate an understanding of
different features. In the drawings, like reference characters
generally refer to like features (e.g., functionally similar
and/or structurally similar elements).

FIG. 1 shows a schematic of an apparatus for generating,
squeezed light via four-wave mixing, according to an
embodiment.

FIG. 2 shows a virtual level diagram of the dual-pumped
spontancous four-wave mixing for generating squeezed
light, according to an embodiment.

FIGS. 3A and 3B illustrate the tuning of a squeezed light
source to counteract strong normal dispersion via Cross-
phase modulation driven by a strong continuous-wave (CW)
beam, according to an embodiment.

FIG. 4 shows a schematic of an apparatus including a
main resonator and an auxiliary resonator for generating
squeezed light via four-wave mixing, according to an
embodiment.

FIGS. 5A-5C 1illustrate the effects of the auxiliary reso-
nator to suppress unwanted photon emission in the apparatus
shown 1n FIG. 4, according to an embodiment.

FIGS. 6 A-E show calculated performances of a system for
generating squeezed light via four-wave mixing, according
to an embodiment.
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FIG. 7 shows a flowchart illustrating a method of gener-
ating squeezed light via four-wave mixing, according to an
embodiment.

DETAILED DESCRIPTION

In some embodiments, an apparatus includes an optical
medium characterized by a third-order nonlinear optical
susceptibility. The apparatus also includes a pump light
source 1n optical communication with the optical medium
and configured to send a pump light beam to the optical
medium. The pump light beam includes a pulsed light beam.
A drive light source 1s 1n optical communication with the
optical medium and configured to send a drive light beam to
the optical medium. The drive light beam includes a con-
tinuous wave (CW) light beam. The pump light beam and
the drive light beam are configured to generate a signal light
beam 1n a squeezed state of light (also referred to as
squeezed light) via spontancous four-wave mixing in the
optical medium.

During the interaction of the drive light beam and the
pump light beam within the optical medium, time varying,
cross phase modulation (also referred to as dynamic cross
phase modulation) may also occur and may adversely affect
the generation of the squeezed light. For example, cross
phase modulation can corrupt the resonance enhancement of
the four-wave mixing process that generates the squeezed
light, thereby decreasing the efliciency. In particular, the
time varying cross phase modulation can change the tem-
poral profile of the mode 1n which the squeezed light 1s
generated and lead to unreliable device operation.

Such adverse eflect, however, can be addressed by the
mode and relative power (or intensity) of the drive beam and
pump beam. More specifically, the drive light beam 1s CW
and suiliciently powertul such that the cross phase modu-
lation eflect induced by the drive beam (1.e., static cross
phase modulation) dominates over the cross phase modula-
tion induced by the pulsed pump beam (1.e., the dynamic
cross phase modulation). As a result, the drive light beam
and the pump light beam can elliciently generate the
squeezed light while suppressing the negative effect of
dynamic cross phase modulation to a tolerable level.

In some embodiments, the power of the pump light beam
can be about 10% or less than the power of the drive light
beam (e.g., about 10%, about 9%, about 8%, about 7%,
about 6%, about 5%, or less, including any values and sub
ranges 1in between).

In some embodiments, the optical medium 1ncludes sili-
con nitride, which 1s widely used 1n optical communications
(e.g., as waveguides). Therefore, the resulting apparatus for
squeezed light generation can be highly compatible with
existing optical technologies. In some embodiments, the
optical medium can include any other material that has a
strong third order susceptibility, such as silicon, silica,
lithium niobate, and aluminum nitride, among others.

In some embodiments, the optical medium can be con-
figured as a ring resonator to increase the interaction
strength between the drive light beam and the pump light
beam. In these embodiments, the apparatus also includes a
Mach-Zehnder interferometer (IMZ1) 1n optical communica-
tion with the ring resonator and configured to couple the
pump light beam and the drive light beam into the ring
resonator. The MZI coupler also allows independent control
of the coupling between the drive/pump light beam and the
ring resonator. For example, the MZI can achieve over-
coupling for the one light beam and under-coupling for the
other light beam. In some embodiments, the drive light beam
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and the pump light beam can be coupled into the ring
resonator via any other appropriate type of couplers, such as
a directional coupler, a racetrack coupler, a point coupler, or
a pulley coupler.

In some embodiments, the apparatus also includes an
auxiliary coupler in optical communication with the ring
resonator and configured to suppress auxiliary resonance
within the ring resonator. As used herein, auxiliary reso-
nance refers to resonances other than the four-wave mixing
process that generates the squeezed light. The auxiliary
coupler can be configured to efliciently couple out light
signals generated by the auxiliary resonance so as to prevent
the build-up of resonance. In some embodiments, the aux-
liary coupler includes a ring resonator (also referred to as an
auxiliary ring resonator). In some embodiments, the quality
factor of the auxiliary ring resonator can be less than the
quality factor of the ring resonator where the squeezed light
1s generated.

FIG. 1 shows a schematic of an apparatus 100 for gen-
erating squeezed light via four wave mixing, according to an
embodiment. The apparatus 100 1includes an optical medium
130 characterized by a third-order nonlinear optical suscep-
tibility. A drive light source 110 1s 1n optical communication
with the optical medium 130 and configured to send a drive
light beam 115 to the optical medium 130 (e.g., via a
waveguide 140, also referred to as a side channel 140). The
drive light beam 115 includes a continuous wave (CW) light
beam. A pump light source 120 1s in optical communication
with the optical medium 130 and configured to send a pump
light beam 125 to the optical medium 130. The pump light
beam 125 includes a pulsed light beam. The pump light
beam 125 and the drive light beam 115 are configured to
generate a signal light beam 1n a squeezed state of light via
spontaneous four-wave mixing in the optical medium 130.

In some embodiments, the apparatus 100 can be con-
structed on an integrated nanophotonic platform. For
example, the drive light source 110 (e.g., a CW semicon-
ductor laser), the pump light source 120 (e.g., a pulsed
semiconductor laser), the optical medium 130 (e.g., a ring
resonator), and the waveguide 140 can be fabricated on the
same semiconductor substrate, thereby forming an inte-
grated squeezed light source. In some 1implementations, the
optical medium 130 and the waveguide 140 can include
s1licon nitride surrounded by silicon dioxide. Quality factors
of micro-resonators 1n such platforms can readily exceed
one million, 1n conjunction with small mode volumes and
high transverse confinement providing nonlinear parameters
in excess of 1 (Wm)™' and dramatic enhancement of para-
metric tluorescence processes.

In these implementations, approximately 100 mW of
drive power from the drive light beam 1135 can be coupled
to the optical medium 130. Combined with a suitable
technique of suppressing unwanted resonances, such as an
auxiliary stacked resonator system, only a few mW or less
of pulsed pump power from the pump light beam 125 can
produce squeezed light having a squeezing factor of several
dB. The generated squeezed state can be engineered to have
single-temporal-mode nature by over-coupling the pulsed
pump resonance (1.e., over-coupling between the pump light
beam 125 and the optical medium 130) via a coupler based
on Mach-Zehnder mterferometer (MZI) and drniving the
four-wave mixing with a short pulse duration, without
seriously compromising the efliciency. More modest over-
coupling of the signal resonance (1.e., over-coupling
between the signal light beam 1535 and the optical medium
130) can mitigate losses, thereby allowing nearly pure states
to be generated. As used herein, pure states here refers to
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quantum mechanical states that are not entangled with other
degrees of freedom (e.g., scattering modes).

In some embodiments, the apparatus 100 can be con-
structed with bulk and fiber-based optical elements. For
example, the optical medium 130 can be 1included 1n a fiber
and the linear waveguide 140 can include another fiber. In
addition, the first and second light sources 110 and 120 can
be coupled to the linear waveguide 140 via one or more fiber
couplers.

In some embodiments, the drive light source 110 and/or
the pump light source 120 can include semiconductor lasers.
In these embodiments, the optical medium 130, the wave-
guide 140 and the two light sources 110 and 120 can be
tabricated on the same semiconductor substrate to form an
integrated squeezed light source (also referred to as a
monolithic light source). In some embodiments, the drive
light source 110 and/or the pump light source 120 can
include lasers, light emitting diodes (LEDs), or any other
appropriate type of light source.

In some embodiments, the power of the drive light beam
115 can be ten times or greater than the power of the pump
light beam 125 (e.g., about 10 times, about 20 times, about
30 times, or greater, including any values and sub ranges 1n
between). In some embodiments, the optical medium 130
includes silicon nitride, and the power of the drive light
beam 115 can be about 20 mW or greater (e.g., about 20 mW,
about 50 mW, about 100 mW, about 200 mW, about 300
mW, about 500 mW, or greater, including any values and sub
ranges 1n between).

In some embodiments, the drive light source 110 and/or
the pump light source 120 are tunable so as to control the
properties of the signal light beam 155. The magnitude and
angle of the squeezing parameters can be determined by the
product of the amplitudes of the drive light beam 115 and the
pump light beam 125. Accordingly, the magnitude and angle
of the squeezing can be controlled by modulating one or
both of the input beams 115 and 125. In addition, the
squeezing angle can be locked to the sum phase of the drive
light beam 115 and the pump light beam 125. Furthermore,
the squeezing factor can be controlled by the product of the
powers of the two mput beams 115 and 125. The squeezed
output can therefore be calibrated against and controlled by
the input powers and phases.

In some implementations, the output frequency of the

drive light source 110 and/or the pump light source 120 can
be tunable so as to change the squeezing factor of the signal
light beam 155. In some implementations, the power of the
drive light source 110 and/or the pump light source 120 can
be tunable so as to change the squeezing factor of the signal
light beam 155. In some implementations, the relative phase
between the drive light source 110 and the pump light source
120 can be tunable so as to change the phase of the signal
light beam 155.
In some embodiments, the optical medium 130 includes
appropriate material that has a strong third order suscepti-
bility, such as silicon nitride, silicon, silica, lithium niobate,
and aluminum nitride, among others. In some embodiments,
the optical medium 130 can be compatible with existing
optical technologies and semiconductor fabrications pro-
cesses such that the apparatus 100 can be readily constructed
on a mass scale.

The optical medium 130 can be configured, for example,
as a resonator. In some implementations, the resonator can
be a linear resonator including two retlectors surrounding an
optical material. In some 1mplementations, the optical
medium 130 can be configured as a ring resonator (as
illustrated 1n FIG. 1). In these implementations, the appa-
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ratus 100 can further include a coupler between the wave-
guide 140 and the ring resonator 130 to {facilitate the
coupling of the drive/pump light beams 115/125 1nto the ring
resonator. The coupler can include, for example, Mach-
Zechnder interferometer (MZ1) coupler, direct coupler, race-
track coupler, point coupler, pulley coupler, or any other
appropriate coupler.

As described herein, the apparatus 100 has several advan-
tages compared to known squeezed light sources. First, the
apparatus 100 uses the third-order nonlinear optical response
of the optical medium 130, making it compatible with many
commonly used nanophotonic platiorms, such as silicon
nitride.

Second, the apparatus 100 has relatively modest require-
ments for fabrication and high design tolerances. As a result,
the apparatus 100 1s highly scalable, 1.e., multiple light
sources 1dentical to the apparatus 100 can be readily repro-
duced. In addition, multiple light sources like the apparatus
100 can be configured into an array to form a light source
array. For example, the multiple apparatus 100 can be
fabricated on a single semiconductor substrate. This con-
figuration can be especially beneficial to applications 1n
quantum technologies, where multiple i1dentical squeezed
light sources are used for input.

Third, the materials of the apparatus 100 also makes it
compatible with existing optical technology. For example,
the apparatus 100 can be based on silicon nitride and operate
at wavelengths compatible with existing technology and
infrastructure, such as the telecom C band around 1550 nm.

Fourth, the mechanism of squeezing underlying the appa-
ratus 100 1s naturally suited to engineering highly tunable
devices with controllable temporal mode structure. More
specifically, the wavelengths of the drive light beam 115 and
the pump light beam 125 can be readily tunable. In addition,
removal of unwanted pump light and suppression of
unwanted spurious light can also be readily achieved (e.g.,
via couplers, see FIG. 4 below). The resulting squeezed light
source 1s therefore 1deally suited for CV quantum simulation
and computing applications.

In some embodiments, the optical medium 130 can be
configured as a ring resonator (as illustrated in FIG. 1),
which can increase the efliciency of generating squeezed
light. In some implementations, the ring resonator 130 can
include a micro-resonator fabricated on a semiconductor
platiorm (e.g., silicon nitride). The ring resonator 130 can be
side-coupled to the waveguide 140, which can also be
tabricated on the same semiconductor platiorm.

The ring resonator 130 can accommodate a number of
resonant optical modes J, each of which 1s assigned a
quantum-mechanical annihilation operators b, More spe-
cifically, b, represents the resonant optical mode of the drive
light beam 115, b, represents the resonant optical mode of
the pump light beam 125, and b_ represents the resonant
optical mode of the signal light beam 155.

The third-order nonlinear optical response of the resona-
tor material leads to an interaction Hamiltonian (represent-
ing the energy of the four-wave system) that contains a
number of terms. Without being bound by any particular

theory or mode of operation, the interaction Hamiltonian can
be written as:

Hyy = —ﬁA(bSbngbE + H.c.) — (1)
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hA
- bybybsby — 2hA(bpbp(bibs + bpbp) + bpbpbybs)
J=D5 P

where the term H.c. 1s Hermitian conjugate, the coeflicient
A 1s related to the micro-resonator structure and the strength
of the third-order optical nonlinearity of the optical medium
130, and % is reduced Planck constant. For a ring resonator
130, the coeflicient A can be written as Awﬁmsv;yNLQL,,
where o, 1s the frequency of the signal light beam 155, v,
the group velocity, L. the resonator length, and v,., the
waveguide nonlinear parameter.

In the ring resonator 130, three optical modes are of
interest here, 1.e., the drive mode D, the signal mode S, and
the pump mode P, with corresponding optical angular fre-
quencies mp, Mg, and m,. These resonances may not be
evenly spaced in their intrinsic configuration (e.g., due to
material and modal dispersion). In Equation (1), the first line
corresponds to degenerate spontaneous four-wave mixing
between the three modes, the second line corresponds to
self-phase modulation, and the third line corresponds to
cross-phase modulation.

FIG. 2 shows a virtual level diagram of the dual-pumped
spontaneous four-wave mixing for generating squeezed
light, according to an embodiment. In the presence of this
cllective second-order nonlinearity, a weaker coherent pump
pulse 1in the P mode thereby produces photon pairs via
parametric fluorescence into the S mode. Using a strong CW
pump 1n conjunction with the intrinsic , response can
mediate an effective v, interaction (labelled as %,% in FIG.
2) 1 an integrated resonator. In some embodiments, this
configuration can be implemented on a silicon nitride nano-
photonic platform.

Referring back to FI1G. 1, the ring resonator 130 1s driven
by two coherent optical beams (1.¢., the drive light beam 115
and the pump light beam 125) propagating 1n the waveguide
140. The drive mode D can be supplied with strong CW light
having a steady amplitude, with a fixed amplitude appro-
priate for a given device (e.g., taking into account the
damage threshold of the device). The strong drive light beam
115 can lead to an eflective detuning of each resonance
frequency from self-phase modulation and cross-phase
modulation driven by the large steady amplitude of light in
the D mode. In Equation (1), all the frequencies w ;represent
the frequencies for steady operation after taking into account
such detuning for steady operation.

The nonlinear detuning process can also be employed to
counteract the effects of modal and material dispersion that
give rise to unequally spaced resonances. For the four-wave
mixing process to be phase-matched, 1t 1s beneficial for the
resonant frequencies of the drive light beam 115 and the
pump light beam 125 to be separated from the signal
resonance by an equal number of mode orders. In addition,
to maximize the efliciency of the squeeze light generation, it
1s also beneficial for the resonant frequencies of the three
resonances to be close to evenly spaced. In the ring resonator
130, the strong normal dispersion can be oflset by the
cross-phase modulation induced by the strong CW drive
light beam 115.

FIGS. 3A and 3B illustrate the tuning of the resonator to
counteract strong normal dispersion via cross-phase modu-
lation driven by a strong CW beam, according to an embodi-
ment. The resonances in the un-driven “cold” cavity are
unevenly spaced 1n the frequency domain due to modal and
material dispersion as shown in FIG. 3A. To bring the
desired parametric fluorescence process 1nto resonance, a
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strong CW drive beam can be used to imnduce a nonlinear
detuning via cross-phase modulation, pushing the D, S, and
P resonances mto an evenly spaced configuration in fre-
quency, as seen 1n FIG. 3B. At the same time, the detuning
also simultaneously pushes unwanted resonances X1 and X2
to frequency ranges that are further detuned from spurious
spontaneous four-wave mixing, thereby suppressing
unwanted photon generation 1n the signal resonance. This 1s
made possible by the strength of the cross-phase modulation
(XPM)-induced frequency shift, which 1s twice that of the
self-phase modulation (SPM)-1induced shaft.

The pump mode P 1s driven by a sufliciently weak pump
light beam 125, which only induces negligible self-phase
modulation and cross-phase modulation. The signal mode S
carries the generated squeezed light of interest, and therefore
usually does not have an appreciable effect on any mode due
to cross-phase modulation. For the same reason, self-phase
modulation within the S mode 1s also negligible, as 1s the
back-action on the driven modes from the generation pro-
cess. Accordingly, the interaction Hamiltoman in Equation
(1) can be simplified as:

Hyp=-1APp*Pp* (Nbshs+H.c.) (2)

where P, and p (1) are the classical mode amplitudes of the
drive mode and the pump mode, respectively, 1n the reso-
nator. This Hamiltonian 1s known to lead to a squeezed state
of the signal S mode within the resonator via parametric
fluorescence. This mode 1s coupled to the channel field (i.e.,
optical field within the waveguide 140), producing a propa-
gating squeezed light output. The nature of this output can
be determined by a number of features related to the
pumping scheme and device design as discussed below.

The temporal mode structure of the signal light beam 155
can be determined by the bandwidths of the signal and
pulsed pump resonance and the temporal structure of the
pulse amplitude [3,(t) 1n the P resonance mode. In some
embodiments, [3(t) 1s a constant (1.e., when both the drive
light beam 115 and the pump light beam 1235 are CW), and
the CW squeezed light across the S resonance bandwidth
includes quantum-correlated upper and lower frequency
sidebands, 1.e., highly multi-mode squeezed light. This sig-
nal light beam 155 can be useful for metrological applica-
tions that employ spectrally resolved sideband measure-
ment.

In some embodiments, 3 -(t) 1s a pulsed wavelform having
pulse duration much shorter than the mverse bandwidth of
the S resonance and flat phase structure. As used herein, a
flat phase structure refers to a phase structure that has a fixed
phase as a function of time, 1.e., without chirp, frequency
modulation, or other varying phase properties across the
pulse envelope. In these embodiments, the signal light beam
155 1ncludes a train of single-temporal-mode squeezed
vacuum states, which can be beneficial, for example, for
continuous variable (CV) quantum simulation or computa-
tion device.

To satisty the condition that [3,(t), the intra-resonator
amplitude of the P mode, has sufliciently short duration
compared to the inverse bandwidth of the S mode to produce
single-temporal-mode squeezing, the bandwidth of the P
mode resonance can be configured to accept such a short
duration pulse. This can be accomplished in at least two
techniques. In some embodiments, the apparatus 100 can
include a Mach-Zehnder interferometer (MZI)-based cou-
pler to the optical medium 130. In some embodiments, the
apparatus 100 can include auxiliary couplers that selectively
alter the quality factors of independent resonances. More
details can be found below with reference to FIG. 4.
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The optical medium 130 configured as a ring resonator as
shown 1n FIG. 1 may accommodate hundreds or even
thousands of resonances. Out of these resonances (also
referred to as auxiliary resonances or unwanted resonances ),
at least two processes are relevant to the performance of the
apparatus 100 in generating squeezed light. The first one
gives rise to unwanted spontaneous four-wave mixing, lead-
ing to the generation of spurious photons in the S mode. The
second one gives rise to Bragg-scattering four-wave mixing,
leading to an additional source of loss on the squeezed state
generated 1 the S mode. Suppression of these unwanted
photons 1s therefore beneficial to yield a pure low-noise
squeezed output.

The quality of the squeezed light output, 1n terms of
contamination by unwanted spurious generated light and by
excess anti-squeezing due to losses, can be optimized by
several approaches. In some embodiments, the wavelengths
of the drive light beam 115 and the pump light beam 125 can
be sufliciently far from the S mode of the signal light beam
155 such that Raman and Brillouin scattering into that mode
becomes negligible. In addition, the strongly driven mode D
of the drive light beam 1135 can be placed on the red-detuned
side of the S mode to suppress the Stokes contribution from
Raman eflects.

In some embodiments, the signal light beam 1535 can be
over-coupled with the resonator 130 so as to mitigate
intra-resonator losses that might degrade the achievable
squeezing by mixing 1in vacuum fluctuations from scattering
modes. On the other hand, however, 1t 1s not always desir-
able to over-couple the D and P resonances, as they are
usually most eiliciently driven at critical coupling. To
address this trade-off, MZI-based couplers or racetrack
couplers can be used to achieve independent control over the
coupling conditions of different resonances.

In some embodiments, the unwanted photons can be
suppressed using an auxiliary coupler. Generation of
unwanted photons 1 the S mode via other spontancous
four-wave mixing from singly-pumped processes typically
involves an auxiliary resonance other than the S, P or D
modes. Such generation can thus be suppressed by con-
structing a device to corrupt the corresponding extra reso-
nances involved, either by detuning them away from the
energy-conserving condition, degrading their quality fac-
tors, or removing the unwanted resonance altogether.

FIG. 4 shows a schematic of an apparatus 400 including
a main resonator 430 and an auxiliary resonator 460 for
generating squeezed light via four-wave mixing, according
to an embodiment. The apparatus 400 1ncludes a drive light
source 410 to provide a drnive light beam 415 and a pump
light source 420 to provide a pump light beam 425. The two
beams 415 and 425 are combined by a mixing element
(MUX) 450 mto a waveguide 440, which 1s coupled to the
main resonator 430 (also referred to as a principal resonator
430) via a coupler 435. In some embodiments, the coupler
435 1ncludes a fixed coupler, such as a point coupler or a
racetrack coupler. In some embodiments, the coupler 435
includes a tunable coupler, such as an MZI-based coupler.

The drive light beam 4135 includes a strong CW drive
beam having a wavelength corresponding to the resonance D
within the main resonator 430. The pump light beam 425
includes a weak pulse train having a wavelength correspond-
ing to the resonance P within the main resonator 430.
Dual-pumped parametric tluorescence 1n the main resonator
430 1induces a squeezed state 1n the S resonance, which has
(after accounting for nonlinear detunings) a frequency equal
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to the average frequency of the D and P modes. This
squeezed state yields a squeezed light output propagating 1n
the waveguide 440.

A bandpass filter (BPF) 470 1s employed to remove the
unwanted pump beams. In some embodiments, the BPF 470
can be mmplemented interferometrically by coherent dis-
placement or via passive wavelength filtering. Accordingly,
the output of the apparatus 400 included only squeezed light,
the temporal mode structure of which can be controlled by
the pulse properties of the drive light beam 4135 and the
pump light beam 425.

The apparatus 400 also includes the auxiliary resonator
460 to further tune the resonator 430 to suppress unwanted
four-wave mixing processes by coupling to appropriate
resonances and corrupting their ability to generate spurious
light 1n the S mode (see, e.g., FIGS. SA-5C). The auxihary
resonator 460 has a different free spectral range from the
main resonator 430 and 1s employed to selectively split,
detune, and degrade the quality factor of the extra resonance
involved, thereby suppressing the unwanted process while
preserving the desired squeezing interaction.

Alternatively or additionally, an MZI-based coupler to the
main resonator 430 can provide some independent control
over the quality factors of different resonances, thereby
allowing the efliciencies of competing processes to be
mamipulated. A more complicated multi-resonator structure
can also be used to provide full independent control over
several sets ol resonances.

FIGS. 5A-5C 1illustrates the effects of the auxiliary reso-
nator to suppress unwanted photon emission 1n the apparatus
400 shown in FIG. 4, according to an embodiment. In
general, the auxiliary resonator (or coupler) can suppress
unwanted photon emission mnto the S mode by selectively
mampulating the properties of auxiliary resonances involved
in spurious nonlinear processes. FIG. SA shows several
example optical modes that can propagate 1n the ring reso-
nator 430 without any auxiliary resonator. Two unwanted
processes X1 and X2 contribute spurious photons to the S
mode output.

FIG. 5B 1illustrates that the auxiliary resonator can sup-
press the X1 and X2 resonances by selectively splitting each
of the X1 and X2 resonances. To this end, the auxihary
resonator has a free spectral range diflerent from the spectral
range of the main resonator (i.e., 430). In FIG. 5C, the
auxiliary resonances X1 and X2 are independently shifted
away. This can be accomplished by a multi-resonator system
in which parametric fluorescence occurs in shared resonant
modes.

FIGS. 6 A-6E show calculated performances of a system
for generating squeezed light via four-wave mixing, accord-
ing to an embodiment. The system 1s similar to the apparatus
100 shown 1n FIG. 1 and has realistic device parameters that
can be readily achievable 1n modern silicon nitride micro-
ring resonators. In this system, the drive light beam has a
power of about 200 mW at the phase-matching point, 1.¢.,
the net detuning associated with the multi-resonant four-
wave mixing process 1s zero, or A _=0. The round trip

rrel

length of the main resonator 1s about 400 um, the frequency
of the signal light beam w. 1s about 2mx193 THz, the
nonlinear parameter v,, is about 1 (Wm)™', and the group
velocity v, 1s about ¢/1.7. The 1intrinsic quality factor i1s
2x10° for all three resonances with escape efficiencies of 0.5
(critically coupled) for the drive mode D, 0.9 for the S mode,
and 0.98 for the pump mode P. The corresponding loaded
quality factors are then respectively 1x10°, 2x10°, and
4x10*. This sequence of coupling ratios can maximize the
circulating power in the D mode and achieve good escape
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elliciency for the generated photons in the S mode. This
configuration can also allow large-bandwidth pulses 1nto the
P mode, which can be beneficial for achieving low Schmudt
number. Independent control over the escape etliciencies can
be realized by suitable coupler design (e.g., via MZI cou-
plers).

FIG. 6 A shows the mean photon number of the first ten
Schmidt modes as a function of pulse energy. The dominant
mode (represented by the top curve) consistently lies about
100 times above the next largest mode. FIG. 6B shows
variance (in dB) relative to vacuum of the squeezed quadra-
ture (represented by the bottom solid curve) and anti-
squeezed quadrature (represented by the top solid curve). As
used herein, the squeezed quadrature refers to the quadrature
exhibiting the lowest quadrature variance, and the anti-
squeezed quadrature refers to the quadrature that exhibits the
highest quadrature variance. The dashed curve shows the
variance of anti-squeezed quadrature for an ideal pure state.
Some excess anti-squeezing 1s evident from the finite escape
ciliciency.

FIG. 6C shows calculated intensity (represented by the
solid curves) and phase (represented by the dashed curves)
of the temporal mode profile for the squeezed pulses gen-
erated for five pulse energies spanning 1 to 100 pl. The
intensity profiles are virtually unchanged across this range.
The phases show only very small progressive deviations due
to cross-phase modulation from the pulsed pump as the
pulse energy increase, leading to very slight degradation of
the fidelity between the complex pulse profile at each energy
and that at the lowest energy (as shown in FIG. 6EF). The
Schmidt number 1s consistently close to unity, as shown 1n
FIG. 6D.

One limit to squeezing attainable 1n the system shown in
FIGS. 6A-6E arises out of the escape etliciency, which 1n
this case limits the output to -10 log(1-n*°)=10 dB of
squeezing. M~ ° 1

1s the escape efliciency, 1.e., the probability
that a photon generated 1n the resonant mode escapes to the
channel as opposed to being lost to scattering absorption,
N~ refers to the escape efliciency of photons in the signal
light beam (1.e., squeezed light).

As seen from FIGS. 6A and 6B, the system can readily
approach loss-limited performance, with nearly 10 dB of
squeezing realized for a Gaussian pump pulse having energy
100 pJ and 1ntensity full width at halt maximum duration set
to one tenth of the S mode dwelling time. This level of
squeezing can be suflicient for many continuous variable
(CV) quantum sampling protocols, which typically use
squeezed states having a mean photon number of about one.

Furthermore, as shown 1n FIGS. 6C-6E, the system pro-
duces clean single temporal-mode squeezed pulses of
roughly one ns duration, with negligible variation 1n their
pulse profiles across a wide tuning range of squeezing levels.
The Schmidt number, and the fidelity of the generated
temporal mode at high mnput energies both remain very close
to unity. For applications involving very high squeezing
levels, such as metrology and CV teleportation, ultra-low
loss platforms permit the escape efliciency of the signal
resonance to be further optimized while maintaining accept-
able efliciency. For a system with intrinsic quality factors of
about 107, n.>°°=0.99, and 1 ,**°=0.999, 15 dB of squeezing
can realized with only a few dB of additional anti-squeezing
arising irom the sub-unity escape efliciency. n,° 1s the
escape elliciency of the pump light beam. Accordingly, the
approach described herein has considerable utility for a wide
range of CV quantum information processing applications.

FIG. 7 shows a flowchart illustrating a method 700 of

generating squeezed light via four wave mixing, according
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to an embodiment. The method includes, at 710, sending a
pump light beam into an optical medium characterized by a
third-order nonlinear optical susceptibility. The pump light
beam includes a pulsed light beam. The method also
includes, at 720, sending a drive light beam 1nto the optical
medium so as to generate a signal light beam at a squeezed
state of light via spontaneous four-wave mixing in the
optical medium. The drive light beam including a continu-
ous wave (CW) light beam.

In some embodiments, the power of the drive light beam
1s sulliciently high so as to drive the four-wave mixing
process, as well as to detune the resonant frequencies of the
pump light beam and the signal light beam via cross-phase
modulation. In some embodiments, the power of the drive
light beam can be ten times or greater than the power of the
pump light beam.

The properties of the signal light beam (also referred to as
the squeezed light) can be adjusted in several ways. In some
embodiments, the method 700 also includes adjusting the
power of the pump light beam or the drive light beam so as
to change a squeezing factor of the squeezed state of light.
In some embodiments, the method 700 includes adjusting
the phase of the pump light beam or the drive light beam so
as to change a phase of the squeezed state of light. In some
embodiments, the method 700 includes adjusting the fre-
quency (or wavelength) of the pump light beam or the drive
light beam so as to change a squeezing factor of the
squeezed state of light.

In some embodiments, the optical medium includes sili-
con nitride that 1s compatible with existing optical technolo-
gies and semiconductor processing platforms. In some
embodiments, the optical medium 1s configured as a ring
resonator, and the drive light beam and the pump light beam
are coupled into the ring resonator via a Mach-Zehnder
interferometer (MZ1). The MZI allows independent control
over the coupling between the dnive/pump light beam and
the ring resonator.

In some embodiments, the method also includes suppress-
ing auxiliary resonances (also referred to as unwanted
resonances) 1n the ring resonator that includes the optical
medium. Such suppression can be achieved i1n various
approaches. In some implementations, the auxiliary reso-
nances can be suppressed using a coupler, optically coupled
to the ring resonator, to couple out photons generated by the
auxiliary resonances. In some implementations, the auxil-
lary resonances can be suppressed using an auxiliary ring
resonator optically coupled to the ring resonator where the
squeezed light 1s generated. The auxiliary ring resonator can
also effectively couple out photons generated by the auxil-
lary resonances.

While various embodiments have been described and
illustrated herein, a variety of other means and/or structures
for performing the function and/or obtaiming the results
and/or one or more of the advantages described herein, and
cach of such vanations and/or modifications are possible.
More generally, all parameters, dimensions, materials, and
configurations described herein are meant to be examples
and that the actual parameters, dimensions, materials, and/or
configurations will depend upon the specific application or
applications for which the disclosure 1s used. It 1s to be
understood that the foregoing embodiments are presented by
way ol example only and that other embodiments may be
practiced otherwise than as specifically described and
claimed. Embodiments of the present disclosure are directed
to each individual feature, system, article, material, kit,
and/or method described herein. In addition, any combina-
tion of two or more such features, systems, articles, mate-
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rials, kits, and/or methods, 11 such features, systems, articles,
matenals, kits, and/or methods are not mutually 1nconsis-
tent, 1s included within the mventive scope of the present
disclosure.

Also, various concepts may be embodied as one or more
methods, of which an example has been provided. The acts
performed as part of the method may be ordered 1n any
suitable way. Accordingly, embodiments may be constructed
in which acts are performed 1n an order different than
illustrated, which may include performing some acts simul-
taneously, even though shown as sequential acts 1n illustra-
tive embodiments.

All definitions, as defined and used herein, should be
understood to control over dictionary definitions, definitions
in documents incorporated by reference, and/or ordinary
meanings of the defined terms.

As used herein, a “module” can be, for example, any
assembly and/or set of operatively-coupled electrical com-
ponents associated with performing a specific function, and
can include, for example, a memory, a processor, electrical
traces, optical connectors, software (stored and executing in
hardware) and/or the like.

The indefinite articles “a” and “an,” as used herein in the
specification and in the claims, unless clearly indicated to
the contrary, should be understood to mean *“at least one.”

The phrase “and/or,” as used herein in the specification
and 1n the claims, should be understood to mean “either or
both” of the elements so conjoined, 1.¢., elements that are
conjunctively present in some cases and disjunctively pres-
ent 1n other cases. Multiple elements listed with “and/or”
should be construed 1n the same fashion, 1.e., “one or more”
of the elements so conjoined. Other elements may optionally
be present other than the elements specifically 1dentified by
the “and/or” clause, whether related or unrelated to those
clements specifically identified. Thus, as a non-limiting
example, a reference to “A and/or B”, when used 1n con-
junction with open-ended language such as “comprising’”
can refer, in one embodiment, to A only (optionally includ-
ing elements other than B); 1n another embodiment, to B
only (optionally including elements other than A); in yet
another embodiment, to both A and B (optionally including
other elements); etc.

As used herein 1n the specification and in the claims, “or”
should be understood to have the same meaning as “and/or”
as defined above. For example, when separating items 1n a
list, “or” or “and/or” shall be interpreted as being inclusive,
1.€., the inclusion of at least one, but also including more
than one, of a number or list of elements, and, optionally,
additional unlisted items. Only terms clearly indicated to the
contrary, such as “only one of” or “exactly one of,” or, when
used 1n the claims, “consisting of,”” will refer to the inclusion
of exactly one element of a number or list of elements. In
general, the term “or” as used herein shall only be inter-
preted as indicating exclusive alternatives (1.e. “one or the
other but not both”) when preceded by terms of exclusivity,
such as “either,” “one of,” “only one of,” or “exactly one of”
“Consisting essentially of,” when used 1n the claims, shall
have 1ts ordinary meanming as used 1n the field of patent law.

As used herein 1n the specification and in the claims, the
phrase “at least one,” 1n reference to a list of one or more
elements, should be understood to mean at least one element
selected from any one or more of the elements in the list of
clements, but not necessarily including at least one of each
and every eclement specifically listed within the list of
clements and not excluding any combinations of elements 1n
the list of elements. This defimition also allows that elements
may optionally be present other than the elements specifi-
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cally identified within the list of elements to which the
phrase “at least one” refers, whether related or unrelated to
those elements specifically 1dentified. Thus, as a non-limit-
ing example, “at least one of A and B (or, equivalently, “at
least one of A or B,” or, equivalently “at least one of A and/or
B”’) can refer, in one embodiment, to at least one, optionally
including more than one, A, with no B present (and option-
ally including elements other than B); in another embodi-
ment, to at least one, optionally including more than one, B,
with no A present (and optionally 1including elements other
than A); 1n yet another embodiment, to at least one, option-
ally including more than one, A, and at least one, optionally
including more than one, B (and optionally including other
clements); efc.

In the claims, as well as 1n the specification above, all
transitional phrases such as “comprising,” “including,” “car-
rying,” “having,” “containing,” “involving,” “holding,”
“composed of,” and the like are to be understood to be
open-ended, 1.e., to mean including but not limited to. Only
the transitional phrases “consisting of” and *“‘consisting
essentially of” shall be closed or semi-closed transitional
phrases, respectively, as set forth 1n the United States Patent
Oflice Manual of Patent Examining Procedures, Section
2111.03.

What 1s claimed 1s:

1. An apparatus, comprising;:

an optical medium characterized by a third-order nonlin-
car optical susceptibility, the optical medium including
a first ring resonator;

a pump light source in optical communication with the
optical medium and configured to send a pump light
beam to the optical medium, the pump light beam
including a pulsed light beam:;

a drive light source 1n optical communication with the
optical medium and configured to send a drive light
beam to the optical medium, the drive light beam
including a continuous wave (CW) light beam, the
pump light beam and the drive light beam being
configured to generate a signal light beam 1n a squeezed
state of light via spontaneous four-wave mixing in the
optical medium,

a coupler in optical communication with the first ring
resonator and configured to couple the pump light beam
and the drive light beam into the first ring resonator;
and

a second ring resonator 1n optical communication with the
first ring resonator and configured to suppress auxiliary
resonance within the first ring resonator.

2. The apparatus of claim 1, wherein the optical medium

includes silicon nitride.

3. The apparatus of claim 1, wherein the coupler includes:

a Mach-Zehnder iterferometer (MZ1) 1n optical commu-
nication with the first ring resonator and configured to
couple the pump light beam and the drive light beam
into the first ring resonator.

4. The apparatus of claim 1, wherein coupler includes:

a racetrack coupler in optical communication with the first
ring resonator and configured to couple the pump light
beam and the drive light beam into the first ring
resonator.

5. The apparatus of claim 1, wherein the drive light beam
1s configured to drive the spontaneous four-wave mixing and
detune a resonance frequency of the pump light beam and a
resonance frequency of the signal light beam.

6. The apparatus of claim 1, wherein the pump light beam
1s configured to generate the signal light beam 1n a single-
temporal-mode squeezed vacuum state.
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7. The apparatus of claim 1, wherein a first power of t

1C

pump light beam 1s less than 10% of a second power of t.

drive light beam so as to decrease an ¢

self-phase modulation and an ¢

phase modulation induced by the pump light beam.
8. An apparatus, comprising;:

1C

Tect of dynamical
Tect of dynamical cross-

an optical medium characterized by a third-order nonlin-
car optical susceptibility, the optical medium 1ncluding
a ring resonator;

a pump light source 1n optical communication with the
optical medium and configured to send a pump light
beam to the optical medium, the pump light beam
including a pulsed light beam:;

a drive light source 1 optical communication with the

optical medium and configured to send a drive light
beam to the optical medium, the drive light beam
including a continuous wave (CW) light beam, the
pump light beam and the drive light beam being
configured to generate a signal light beam 1n a squeezed
state of light via spontaneous four-wave mixing in the
optical medium;

a first coupler 1n optical communication with the ring
resonator and configured to couple the pump light beam
and the drive light beam into the ring resonator; and

a second coupler 1n optical communication with the ring
resonator and configured to suppress auxiliary reso-
nance within the ring resonator.

9. A method, comprising:

sending, via a coupler, a pump light beam 1nto an optical
medium characterized by a third-order nonlinear opti-
cal susceptibility, the pump light beam including a
pulsed light beam and the optical medium including a
first ring resonator;

coupling a drive light beam 1into the optical medium via
the coupler to interact with the pump light beam so as
to generate a signal light beam at a squeezed state of
light via spontaneous four-wave mixing in the optical
medium, the drive light beam including a continuous
wave (CW) light beam;

suppressing auxiliary resonances within the first ring
resonator using a second ring resonator disposed 1n
optical communication with the first ring resonator.

10. The method of claim 9, further comprising;:

adjusting a power of at least one of the pump light beam
or the drive light beam so as to change a squeezing
factor of the squeezed state of light.

11. The method of claim 9, further comprising:

adjusting a phase of at least one of the pump light beam
or the drive light beam so as to change a phase of the
squeezed state of light.

12. The method of claim 9, turther comprising;:

adjusting a frequency of at least one of the pump light
beam or the drive light beam so as to change a
squeezing factor of the squeezed state of light.

13. The method of claim 9, wherein sending the pump

light beam 1ncludes sending the pump light beam into silicon
nitride.

14. The method of claim 9, further comprising;:
adjusting a first coupling between the pump light beam
and the first ring resonator using a Mach-Zehnder
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interterometer (MZI) configured to couple the pump
light beam into the first ring resonator; and

adjusting a second coupling between the drive light beam
and the first ring resonator using the MZI.

15. The method of claim 9, further comprising:

adjusting a first coupling between the pump light beam
and the first ring resonator using a racetrack coupler
configured to couple the pump light beam into the first
ring resonator; and

adjusting a second coupling between the drive light beam
and the first ring resonator using the racetrack coupler.

16. The method of claim 9, wherein sending the drive

light beam includes sending the drive light beam having a

power to drive the spontaneous four-wave mixing within t.

1C

optical medium and detune a resonance frequency of t

1C

pump light beam and a resonance frequency of the signal

light beam.

17. The method of claim 9, wherein sending the pump
light beam 1ncludes sending the pump beam to generate the
signal light beam 1n a single-temporal-mode squeezed

vacuum state.

18. The method of claim 9, further comprising:

decreasing a power of the pump light beam so as to
decrease an eflect of seli-phase modulation and an

cllect of cross-phase modulation induced by the pump
light beam.

19. A method, comprising:

sending a pump light beam mto an optical medium
characterized by a third-order nonlinear optical suscep-
tibility, the pump light beam including a pulsed light
beam and the optical medium including a ring resona-
tor;

sending a drive light beam into the optical medium to
interact with the pump light beam so as to generate a
signal light beam at a squeezed state of light via
spontaneous four-wave mixing in the optical medium,
the drive light beam 1ncluding a continuous wave (CW)
light beam; and

suppressing auxiliary resonances within the ring resonator
using an auxiliary coupler disposed 1n optical commu-
nication with the ring resonator.

20. A system, comprising:

a ring resonator mcluding an optical medium character-
1zed by a third-order nonlinear optical susceptibility;

a linear waveguide 1n optical communication with the ring
resonator and configured to propagate a pump light
beam and a drive light beam;

a first coupler 1n optical communication with the ring
resonator and the linear waveguide and configured to
couple the pump light beam and the drive light beam
into the ring resonator, the drive light beam and pump
light beam being configured to reduce an eflect of
time-varying self-phase modulation and an effect of
time-varying cross-phase modulation, the pump light
beam and the drive light beam being further configured
to generate a signal light beam 1n a squeezed light of
state via four-wave mixing; and

a second coupler 1n optical communication with the ring
resonator and configured to suppress auxiliary reso-
nances within the ring resonator.
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